Objective: Increased arterial stiffness measured by pulse wave velocity (PWV) has been shown to be an important parameter of cardiovascular risk. Longitudinal development of PWV from youth to early adulthood and its possible sociodemographic, anthropometric, hemodynamic and behavioral moderators will be illustrated.
INTRODUCTION
I ncreased arterial stiffness measured by pulse wave velocity (PWV) is a solid index of cardiovascular risk and an independent predictor of cardiovascular events and mortality in patients with hypertension [1] , diabetes [2] , or end-stage renal disease [3] as well as in general populations [4] . As the pathogenesis of cardiovascular disease has its origin in youth [5] , moderators of PWV development need to be evaluated during this period. Moreover, it is important to increase our understanding of PWV development in different ethnicities, especially in African Americans [6] , as increased PWV may contribute to the much higher prevalence of cardiovascular events and all-cause mortality in this population [4, 7] .
PWV is known to increase with age and height in children and adolescents [8, 9] . Cross-sectional pediatric and adult studies have shown greater PWV in men and African Americans compared with women and European Americans [10] [11] [12] , respectively, and our previous studies and other studies have shown positive association of PWV with anthropometric (general and central obesity) and hemodynamic variables (blood pressure and heart rate) in youth and young adults [9, 13, 14] . There is also some evidence that lower socioeconomic status (SES) [15, 16] and use of illicit drugs such as cocaine and marijuana are associated with higher PWV [17, 18] . However, it is not clear to what extent these variables account for PWV variability over time, especially in the transition period from youth to young adulthood.
Longitudinal studies on PWV progression in adults and the elderly have been reported [19] [20] [21] [22] [23] [24] [25] [26] . The majority of these studies measured PWV at baseline and one follow-up, which does not provide a sufficient basis for studying PWV development with age. In the only study [21] reported with two to nine measurements of PWV collected across 25 years, a steeper increase of PWV with advancing age in men than women was observed. On the other hand, essentially no longitudinal studies on PWV growth and moderators in youth and young adults have been reported.
The Georgia Stress and Heart Study, a prospective cohort study with repeated measures of PWV in youth and young adults, provides an excellent opportunity to examine the pattern and the rate of longitudinal change in PWV within and among individuals. To the best of our knowledge, this is the first study to explore the development of PWV from adolescent through early adulthood in a multiethnic cohort of individuals. Furthermore, this study assesses the effects of social-demographic, anthropometric, hemodynamic, and lifestyle factors on PWV level and changes over time.
METHODS

Participants
The participants were from the Georgia Stress and Heart (GSH) study, an ongoing longitudinal study designed to evaluate the development of cardiovascular risk factors from childhood to adulthood, with evaluations conducted annually from 1989 to 2000 (visits 1-10), every 1.5 years from 2000 to 2006 (visits [11] [12] [13] [14] , and every 2 years from 2008 to 2012 (visits [15] [16] . Recruitment and evaluation of participants have been described in detail elsewhere [27] . Briefly, participants who met the following criteria were recruited: aged 5-16 years in 1989, African or European ancestry, normotensive for age and sex based on BP screening, and apparently healthy based on parental reports of the child's medical history [28] . All participants were recruited using family health history questionnaires obtained from a county-wide (Richmond County, Georgia) public school screening of children in kindergarten through grade 8 whose families were interested in health research. A high participation rate was obtained, with 96.3% of those contacted agreeing to participate. This is a sub-study of GSH initiated at visit 12 when PWV measurements were started to be performed. Mean AE SD of participants' characteristics at their first visit with PWV assessment were shown in Table 1 . As not all individuals participated each consecutive year, the data set is a complicated one, with not all participants having the same number of visits. As presented in Table 1 , in the entire sample 83.9% had at least two visits and 61.4% had at least three visits, making this data set very informative for the study of PWV changes over time. In total, this study On each laboratory visit, demographic information was collected. Evaluation of height, weight, skinfolds (triceps, subscapular, and suprailiac crest), and waist circumference has been described elsewhere [13] . From these primary measures, the sum of the three skinfolds (SSKF) was calculated as a measure of body fat; BMI (weight/height 2 ), as a measure of general adiposity; and waist circumference, as a measure of central adiposity.
Blood pressure (BP) was measured with an automated oscillatory BP system (Dinamap Vital Signs Monitor, Model 1846 SX; Criticon Incorporated, Tampa, Florida, USA), using an appropriately sized BP cuff that was placed on the participant's right arm. BP measurements were taken at the end of the 11th, 13th, and 15th minute during a 15-min supine relaxation period. The average of the last two readings (at 13 and 15 min) was used to represent resting mean arterial pressure [29] , SBP and DBP, respectively. Pulse pressure (PP) was computed as the difference between SBP and DBP.
Socioeconomic status (SES) was represented by marital status of the parents, that is, single household (single, divorced, widowed, separated) versus two-parent households (married), and parental education level, that is, mother's or father's education level. As these measures remained highly stable across the years of the study, marital status and parental education as measured at the midpoint of the study were taken as representatives for the whole study period. Parental education level was measured on a seven-point scale, ranging from less than high school to postgraduate education. Several individuals had missing values for marital status (n ¼ 3), father's education level (n ¼ 7), or mother's education level (n ¼ 17). These individuals were omitted from analyses in which these respective variables were included.
At each visit, the participant's smoking status was assessed by the self-reported number of days smoked during the past 30 days and the number of cigarettes smoked per day. Individuals who smoked at least five cigarettes in the past 30 days at any visit were considered smokers. In addition, the participants were asked whether they used marijuana in the past 30 days. Individuals who used marijuana at least five times in the past 30 days at any visit were considered as marijuana users. Alcohol use was also assessed using the selfreported number of days at least one drink of alcohol was consumed during the past 30 days. Individuals who used alcohol at least 10 days in the past 30 days at any visit were defined as alcohol user. Physical activity was assessed by the self-reported number of days per week, inside or outside of school, during which physical activity that was sufficient to 'work up a sweat' was performed. The average of physical activity days across all the visits was used to represent the participant's regular physical activity.
Assessment of pulse wave velocity
Carotid-distal PWV was measured noninvasively with applanation tonometry and the SphygmoCor CPV analysis software (SphygmoCor, AtCor Medical, Sydney, Australia). Pressure waves were recorded at the common carotid and dorsalis-pedis arteries for the carotid-distal PWV. The SphygmoCor system calculated PWV from measurements of pulse transit time and the distance traveled by the pulse between the two recording sites: PWV ¼ distance (m)/transit time (s). The carotid-distal rather than carotid-femoral was used because of its ease of access. Carotid-distal PWV measures arterial stiffness in both elastic and muscular artery and studies from our own and others have shown that PWV measures covering both elastic and muscular artery not only showed reasonable stability over time [13] but also were comparable to carotid-femoral PWV regarding to their correlations with other CVD risk factors [13, [30] [31] [32] as well as their predictive value of CVD morbidity and mortality [2, [33] [34] [35] .
Statistical analyses
The development of PWV was explored by use of individual growth curve modeling within a multilevel framework [36] , which is a data analysis technique especially designed to explore longitudinal data. Repeated PWV measurement was regarded as a two-level hierarchy, with subjects at level 2 (between-subject level) and repeated measurements (or visits) at level 1 (within-subject level). We first specified the unconditional growth model in which fixed and random linear and quadratic were fitted by the addition of age and age 2 (age Â age), to the intercept-only model. Age was expressed as a deviation from its mean of 24.8 years. Ethnicity and sex were then added to the unconditional growth model, the latter modeled as interaction with age, the interaction between ethnicity and sex, and the threeway interaction of age, ethnicity and sex were also tested, which constituted the full ethnicity, sex and age model. As we observed a significant three-way interaction among ethnicity, sex and age on PWV, stratified analyses by sex were further conducted to better illustrate the findings. Next, anthropometric variables (i.e. height, BMI, waist and SSKF), hemodynamic variables (i.e. SBP, DBP, MAP and PP), SES variables (father's education level and singleparent household) and lifestyle variables (smoking, marijuana use, drinking and physical activity) were added to the model, respectively, to estimate the effect on PWV development. In addition to the main effect, we tested whether interactions of each of the variables with age, ethnicity and sex affected the growth curve. In the final step, all variables that had significant effects on PWV development in the previous models were entered simultaneously as a full model. To judge the significance of parameters in the full model, each parameter was removed from the model, and a likelihood ratio test with one degree of freedom was used to examine whether its effect was significant in this full model. Multilevel modeling was performed using the program SAS9.4 Mixed model. demographic variables. Both sex (b ¼ 0.21, P < 0.01) and ethnicity (b ¼ 0.377, P < 0.01) had a significant effect on PWV level, indicating that men and African Americans had higher PWV levels than women and European Americans, respectively ( Table 2 , models 4 and 6). A significant threeway interaction (P < 0.001) among age, sex and ethnicity on PWV was observed (Table 2, Model 9). As shown in Fig. 1 , the three-way interaction was driven by the fact that African American men display a larger rate of increase in PWV with age than the other three ethnic and sex groups. This was confirmed by the stratified analyses by sex ( Table 2 , models 6 and 7 in men and women), in which the interaction between ethnicity and age on PWV was only significant (b ¼ 0.06, P < 0.01) in men.
Anthropometric model
Supplement 
Socioeconomic status model
Supplement Table 2 , http://links.lww.com/HJH/B9 shows the results of growth curve modeling of PWV with SES variables. Father's education level (model 42) showed a significant negative effect and single-parent household (model 46) showed a significant positive effect on PWV, indicating that participants whose fathers have lower education levels or participants living in a single-parent household have higher PWV levels. In the stratified analyses by sex, the effect of single-parent household on PWV was only significant in men, with the sex Â single-parent household interaction in the overall samples showing a P value of 0.09. When father's education level and single-parent household were entered into the model together, only single-parent household remained significant in the SES model and the ethnicity and sex effects remained significant.
Lifestyle model
Smoking showed a borderline significant effect on PWV levels (model 50 in supplement Table 2 , http://links. lww.com/HJH/B9), whereas the use of marijuana was significantly associated with PWV levels (model 54 in supplement Table 2 , http://links.lww.com/HJH/B9). In the stratified analyses by sex, the effect of marijuana use on PWV was more significant in men than in women (P < 0.01 vs. P ¼ 0.50), although the sex Â marijuana use interaction term in the overall sample was not significant. Physical activity and use of alcohol had no significant impact on PWV in our study. In the model including both smoking and marijuana use, only marijuana use remained significant.
Full model
In the full model, ethnicity, sex, anthropometric, hemodynamic, SES and lifestyle models were combined, this is, age, ethnicity, sex and their two-way and three-way interactions, waist circumference and its interaction with sex, MAP, single-parent household and marijuana use were entered simultaneously. All the variables remained significant and were kept in the final model. This model (Table 3) in total explained 14.6% of the within-subject and 59.4% of the between-subject variance in PWV (at age 24.8). For men, the full model included age, ethnicity and their interaction, MAP, single-parent household and marijuana use; whereas for women, the full model included age, ethnicity, waist and MAP with the age-related PWV increase explained by waist and MAP. Growth curve of PWV from youth to young adulthood
DISCUSSION
The aim of this study was to assess the potential moderating influences of a variety of anthropometric, hemodynamic, SES and lifestyle variables on PWV level and growth from youth to early adulthood. This is the first longitudinal study that involves multiple PWV measurements over an average of 7-year follow-up from late adolescent into young adulthood, in both African Americans and European American men and women. As expected, our results showed that PWV increased with age, and age was the major factor explaining the within-subject variance of PWV growth. Different from BP and BMI, which show a linear increase in adolescence and a nonlinear leveling off in young adulthood with age [27, 37, 38] , PWV showed a linear increase with age from late adolescent to young adulthood. Similar to previous studies [12, 39] , higher PWV level was observed in men than in women. The present study also found that African Americans had higher PWV levels than did European Americans from late childhood through early adulthood. This is in line with previous cross-sectional findings. The study by Snijder et al. [40] observed that African descendant has higher PWV than do other ethnic groups across the entire age range from 18 to 70 years. In addition, our study for the first time showed that African American men displayed a larger rate of increase in PWV with age than the other three ethnic and gender groups, suggesting that African Americans men are at particular risk to develop higher PWV in adulthood. These ethnic differences in PWV levels and growth cannot be explained by obesity-related variables and BP, which have been shown to be higher in African Americans than in European Americans, indicating that higher PWV may contribute to the higher prevalence of cardiovascular events and all-cause mortality in this population independent of obesity and higher BP.
There is controversy in the literature regarding the effects of obesity on arterial stiffness. Recently, a large-scale crosssectional study [41] involving over 6000 participants across the age range of 14-102 observed that the association between adiposity and PWV was steeper in women than in men, in younger than in older individuals, and stronger if using waist circumference as an index rather than BMI. This is in consistent with the current longitudinal study in which we observed that obesity-related variables only showed effects on PWV in women with waist circumference being the strongest predictor. This is also in line with the findings from the Baltimore Longitudinal Study of Aging [21] , the only longitudinal study with multiple PWV measurements in adults, that waist circumference predicts longitudinal PWV increase in women but not in men. Although the mechanisms explaining the sex differences in terms of the effect of obesity on PWV are yet to be examined, we strongly suggest all further studies in this area to adopt a more critical approach to not only distinguish different body composition measures but also test the potential sex difference.
Similar to the literature [42] , we observed that BP was another major contributor to PWV in addition to age. The relationship between BP and PWV is probably bidirectional, based on vascular biology and hemodynamics.
The concept that arterial stiffness increases SBP, leading to an increase in PP because of alterations of the 'buffering' function of the conduit arteries in older individuals, has been well established and PP has been used as a surrogate index of arterial stiffness in the elderly [43, 44] . However, existing data also suggest that elevated BP accelerates arterial stiffening during childhood and early adulthood because of increased 'wear and tear' of the artery walls, subsequently leading to an increase in arterial stiffness [45, 46] . Chen et al. [25] explored the temporal relationship between elevated BP and arterial stiffness in a cohort of middle-aged adults aged 32-51 years and concluded that elevated BP preceded increased arterial stiffness during young adulthood, suggesting the mechanisms underlying the development of hypertension are different during younger and older age periods. In addition to decreased elastin content contributes to the progression of arterial stiffness, the hypertrophy and increased elastic stiffness of vascular smooth muscle cells (VSMCs) also contributes to arterial stiffness [47, 48] , and DBP might be relatively more dependent on basal tone of VSMCs and less dependent on cardiac contractility and vascular compliance as determined by changes in extracellular matrix than SBP and PP [49] . Our current longitudinal study of youth and young adults supports this concept. We observed that DBP and MAP explain more variance in PWV than SBP and the effect of PP on PWV was not independent of MAP. This is also supported by previous cross-sectional studies [50, 51] which found that PWV correlated more closely with DBP in young individuals. Different from the Baltimore Longitudinal Study of Aging, which observed that the impact of SBP on PWV increased over time in men [21] , we did not observe that BP's effect on PWV changed with age, this is, we found no significant interaction between BP and age on PWV. This discrepancy might be because of the young age of our population and the relatively short follow-up time (median follow-up time ¼ $7 years).
Low SES is associated with cardiovascular mortality and morbidity, and increased vascular aging might be one of the potential mechanisms. Although limited studies have been conducted on this aspect, the findings in general supported this hypothesis. Thurston and Matthews [52] observed that lower parental SES including low education, family income and neighborhood deprivation was associated with high PWV in adolescence in a small sample of African Americans. Trudel et al. [15] showed that PWV increase over 5 years was higher among participants with lower employment grade, household income and education in the elderly (mean age of 65 years). Interestingly, in this study, the effect of father's social class, an indicator of SES in childhood, was associated with baseline PWV but not PWV changes over 5 years. Our current longitudinal study in youth and young adults provided further support to this concept. We observed that lower father's education level and singleparental household increased PWV levels across the period of youth and young adulthood, although the effect of father's education level was not independent of singleparental household. The lack of parental SES-age interaction on PWV is also consistent with Trudel et al. s [15] findings on father's social class, suggesting that the alteration to arteries attributable to adverse social conditions have already occurred at an earlier stage of life and the effect might last a lifetime. Given the overrepresentation of African Americans in low SES positions, we further checked whether the ethnic difference in PWV can be explained by the ethnic difference in SES and found that ethnic differences persisted after the adjustment of SES.
Illicit drugs are frequently used across a wide range of demographic groups and its acute cardiovascular effects are well known. However, the chronic effects of illicit drug use are difficult to study, especially in the general population. One study [17] exploring the effect of cocaine use on aortic stiffness showed that regular use was associated with increased PWV in a small sample of young healthy individuals. Another study [18] observed that the current use of marijuana was associated with increased PWV in 86 healthy participants aged 8-25 years. Our study measured marijuana use at multiple visits and confirmed that use of marijuana was linked with higher PWV across youth and young adulthood, suggesting a cumulative effect of marijuana exposure on the vessel wall. The previously reported findings [53] [54] [55] of marijuana's effect on immune modulation, endothelial function and sympathetic nervous system activity might be the underlying mechanisms explaining the link between marijuana use and increased arterial stiffness, although direct evidence from animal studies is still missing. In addition, we observed that the contribution of marijuana use to PWV was larger than the contribution of smoking, a known factor impacting vascular stiffness. In the lifestyle model, the borderline significant effect of smoking on PWV disappeared, which might be because of the high co-occurence of smoking and marijuana use.
Our study has some limitations that should be considered with interpreting the results. First, ethnicity and sex differences in PWV may be because of differences in genetic background. In the present study, we addressed anthropometric variables, hemodynamic variables and SES variables, the differences in ethnicity and sex remained significant, suggesting genetics or interaction between genetic and environmental factors should be considered in the future studies. Second, self-reported ethnicity was used in this study, which is neither purely biological nor measured with precision. It represents a mixture of genetic, social, economic, behavioral, psychological and other environmental factors. Despite this, use of self-reported ethnicity has been advocated in biomedical and genetic research [56] . Third, we used the dorsalis-pedis as an alternative to the femoral site for the measurement of PWV. As stated, distal PWV represents a mixture of both proximal elastic arteries and distal, more muscular arteries. However, based on its strong correlation with age, other CVD risk factors as well as its predictive value of CVD morbidity and mortality, we believe that distal PWV mostly represents stiffness of the elastic component, and can be considered a reasonable proxy of aortic stiffness. Fourth, supine posture BP rather than sitting BP was measured in this study. BP differs according to posture [57] , however, BP measurement of supine posture was widely used in clinical and population studies [57, 58] . More importantly, supine BP was measured consistently across all the visits in this study. Finally, information on marijuana use only relied on self-reported data.
Future studies with measurements on marijuana metabolites in blood and urine are warranted.
In conclusion, our results showed that ethnicity and sex differences in PWV become apparent in early adolescence and remain relatively stable through early adulthood, with African Americans and men having higher PWV levels than European Americans and women, respectively. These ethnic and sex differences in PWV persisted even after adjusting for anthropometric, hemodynamic, SES and lifestyle variables. Apart from these effects of ethnicity and sex, waist circumference, MAP, single-parent household and marijuana use appeared to be the strongest predictors of PWV in the present study. Our study emphasizes the importance of both BP control and development of novel prevention strategies to limit the progress of arterial stiffness such as by reducing or controlling adiposity, emphasizing the importance of two-parent household and reducing or preventing the use of illicit drugs.
